Bitter gourd (Momordica charantia) is a vegetable and medicinal plant of the family Cucurbitaceae. Here we report a chromosome-level assembly, with highest contig N50 (close to 10 Mb) and proportion of sequences placed on chromosomes (96%) in Cucurbitaceae. Population resequencing revealed the divergence between wild and cultivars at about 6000 years ago. Different cultivar groups have distinct allelic compositions in loci associated with domestication traits, suggesting phenotypic changes were achieved by allele frequency shifts in independent loci. Noticeably, one candidate locus for fruit size locates within a region missing from a recent Illumina-based assembly. Despite breeding efforts to increase female flower proportion, the gynoecy locus exhibits high variation within and low differentiation between wild and cultivar groups, likely because artificial directional selection could not overwhelm natural balancing selection. Our study provides resources to further investigate the genetic architecture of bitter gourd as well highlights the importance of a well-assembled genome.
European nucleotide archive PRJEB24032), our assembly has the highest contig N50 64 (close to 10 Mb) as well as highest proportion of sequences placed on chromosomes 65 (Table 1) . Comparison between our long-read and the recent short-read assemblies 66 revealed some incongruity near the centromeric regions, and much of the centromeric 67 regions in the long-read assembly is absent from the short-read assembly ( Fig. 1 and 68 Supplementary Fig. 1 ). 69
We identified 159Mb repetitive elements (RE), representing 52.52% of the genome 70 ( Supplementary Table 1 ). Using the same repeat annotation pipeline, we found the repeat 71 coverage in our assembly is higher than the Dali-11 M. charantia assembly (45.43%) and 72 the other Cucurbitaceae species, demonstrating the better assembly of repetitive regions. 73
Compared to Dali-11, long-terminal repeats (LTR), representing about 24% of the 74 genome and 46% of all REs, are largely responsible for the higher RE proportion in our 75 assembly ( Supplementary Table 2 ). Gypsy and Copia subfamilies constitute most of the 76 LTRs (25.6% and 15.8% of REs). 77
We further plotted the genome-wide distribution of each type of repeats. LTR, DNA 78 transposons, and unknown repeats are enriched near the centromeric regions, representing 79 the major improvement of long-read over the short-read assembly ( Supplementary Fig.  80 2a-c). For other repeat categories, Short interspersed nuclear elements (SINEs) and 81 simple-repeats have similar distribution patterns to genes ( Supplementary Fig. 2d , e), and 82 rRNAs had six unique clusters in the genome ( Supplementary Fig. 2f ). Interestingly, 83
while LTRs are concentrated near the centromere, DNA transposons and long 84 interspersed nuclear elements (LINEs) have a more peri-centromeric distribution pattern 85 ( Supplementary Fig. 2 
b, g). 86
Our well-assembled genome also allows the synteny comparison between M. 87 charantia and six other Cucurbitaceae species (Fig. 2 ). Between the bitter gourd and 88 other cucurbit genomes, in general there is not a one-to-one relationship in chromosomes, 89 indicating that these Cucurbitaceae species do not have similar karyotype to the bitter 90 gourd. It is worth noting that in our assembly, the repeat-rich peri-centromeric regions 91 often find little match on other genomes, again demonstrating we have assembled regions 92 that were previously difficult for short-read genomes. Highly conserved synteny between 93 bitter gourd and melon (Cucumis melo) could be observed in two pairs of chromosomes 94 (chr1 and chr8, chr3 and chr12). Particularly, according to dotplots ( Supplementary Fig.  95 3), more than 8Mb of euchromatic region in the end of bitter gourd chr1 showed 96 conserved synteny with chromosomes in all analyzed Cucurbitaceae plants, while 97 inversions were sometimes observed. In Cucurbita maxima and Cucurbita moschata, 98 bitter gourd chr1 is in syntenic to their chr3 and chr7, implying genome duplications in 99 Cucurbita species. 100 101
Demographic history 102
We sampled 42 cultivars, 18 wild accessions, and an outgroup 103 (Momordica cochinchinensis). Population genetic analyses from ADMIXTURE 104 ( Fig. 3a) , neighbor-joining tree (Fig. 3b ), and principal component analysis (PCA) 105 ( Fig. 3c ) consistently identified four genetic groups, including two cultivar groups 106 from South Asia (SA) and Southeast Asia (SEA) as well as wild genetic groups 107 from Taiwan (TAI) and Thailand (THAI). These methods give largely consistent 108 results, with ADMIXTURE K=2 first separated wild and cultivar groups, follow 109 by K=3 separating the two cultivar groups. Under K=5, the two wild groups as 110 well as a small subgroup, Bangladesh within the SA group, were further 111 separated. Correspondingly, the ADMIXTURE models had lower cross-validation 112 errors under K=3 or 5 ( Supplementary Fig. 4 ). We did not observe any admixed 113 individual between TAI and THAI groups probably due to the dis-continuous 114 spatial sampling, and the cultivar-wild admixture accessions (admix-wild) 115 consistently possess introgressions from wild groups of the same geographic area. 116
As expected, the wild group has most rapid decay of linkage 117 disequilibrium (LD) among the un-admixed groups, reaching low LD (r 2 =0.25) at 118 about 10 kb. The pattern is seconded by SA (at about 670 kb) and SEA cultivars 119 (about 1 Mb) ( Supplementary Fig. 5 ). Consistent with the patterns of LD decay, 120 the wild group has highest mean pairwise nucleotide diversity and heterozygous 121 sites among all three groups while SEA has the lowest ( Supplementary Fig. 6 and 122 7), suggesting the SEA cultivars represent a more recent split from the SA 123 cultivars. Finally, the admix-wild group consisting of admixed accessions 124 between wild and cultivars contains the highest variation and heterozygosity, 125 consistent with their hybrid origin. 126
We used SMC++ (Terhorst et al. 2017) to infer the divergence time 127 among these groups. The cultivars diverged from the wild groups at about 6100 128 years ago, and the divergence between SA and SEA cultivars happened much 129 population composite likelihood ratio test (XP-CLR) between wild accessions and 136 cultivars ( Fig. 4) . In general, we did not observe strong agreements among these 137 methods, except one region in chromosome 7 associated with fruit color (below). From 138 each method we further chose the top 1% regions and investigated the enrichment of gene 139 ontology (GO) functional groups. In general, GO terms associated with metabolic 140 processes are enriched in the genomic regions with top scores of these selection tests, 141
suggesting the wild and cultivar groups are highly differentiated in metabolism-related 142 traits ( Supplementary Fig. 9 ). 143
Given the high divergence between wild and cultivar groups, the baseline FST is 144 too high to show obvious peaks. On the other hand, we observed two regions with 145 exceptionally low FST, one near the end of chromosome 1 and the other at the beginning 146 of chromosome 4 ( Fig. 4 ), suggesting strong selection preventing the divergence between 147 wild and cultivar groups. Interestingly, the end of chromosome 1 harbors a locus for 148 gynoecy, affecting the ratio of male and female flowers in this monoecious species. The 149 locus was identified in a cross between Japanese accessions OHB61-5 and OHB95-1A 150 (Matsumura et al. 2014), and our re-analyses identified two closely linked quantitative 151 trait loci (QTL) in this region, where the QTL with larger effect (with LOD score > 30) 152 completely overlapped this low-FST region ( Fig. 5a ). QTL in the same region were also 153 identified in another cross between Chinese accessions Dali-11 and K44 (Cui et al. 154 2018) . While increasing the proportion of female flowers is the focus of continuous 155 breeding efforts in the accession level, in the population level this locus is expected to be 156 under negative frequency dependent selection as either the fixation or loss of female-157 biased allele results in overall lower fitness. As expected from balancing selection, levels 158 of polymorphism in this low-FST region is high in both wild and cultivar groups (Fig. 5a ). 159
Phylogenetic reconstruction revealed at least three distinct allelic groups in this region, 160 and both wild and cultivar accession groups possess at least two of the three allelic 161 groups (Fig. 5b ). The balanced distribution of these highly differentiated allelic groups 162 among populations is also consistent with patterns of balancing selection. While most 163 studies reported how domestication efforts left strong signatures of artificial selection in 164 the genome, here we report a likely case where human efforts could not overcome 165 balancing selection in nature. 166
To investigate the genetic architecture underlying traits associated with 167 domestication, genome-wide association study (GWAS) was performed on skin pattern, 168 fruit color, and fruit length ( Figure 4 and 6, Supplementary Table 3 ). From wild to SA to 169 SEA groups, in general the fruits became less spiny, lighter in color, and larger. 170
Fruit color ranges from white to dark green, with the wild accessions having green 171 and the cultivars having lighter but sometimes darker fruits ( Fig. 6a ). We found 172 strong traces of selection for Peak3 in chromosome 7 ( Fig. 6a and 7a) where the 173 SA group is enriched for the allele associated with darker fruits. Under this peak 174 are two candidate genes (Y3093_ARATH) with proteins homologous to the 175 chloroplastic gene AT3G60930 in Arabidopsis. While many accessions, 176 especially in SEA, have lighter fruit color, it is yet unclear whether the change of 177 fruit color resulted from selection or just the consequence of genetic drift, and the 178 strong traces of selection for the dark-fruit allele in Peak3 might be associated 179 with other functional traits instead of color itself. 180
For fruit size, while the size-increasing allele has highest frequency in the 181 SA group for Peak2, in other GWAS peaks the SEA group has more size-182 increasing alleles, corresponding to its generally larger fruit size ( Fig. 6b ). This is 183 consistent with the classic model of polygenic selection where parallel selections 184 for larger fruits in SEA and SA resulted in the allele frequency shifts in 185 independent loci. Our observation that SEA and SA cultivars harbor size-186 increasing alleles in independent loci also echoes previous observations that 187 heterosis exists in inter-group crosses in this species. While further studies are 188 required to validate these GWAS peaks, we identified several promising 189 candidate genes ( In this study, we used long-read technology to assemble the genome of bitter 207 gourd, currently the most complete assembly among all public Cucurbitaceae genomes. 208
Our assembly contains many repeat-rich regions not assembled by the recent Dali-11 209 genome (European nucleotide archive PRJEB24032). While we are yet to pinpoint the 210 candidate genes directly associated with plant size, one of the highest GWAS peaks for 211 fruit size resides within the region missing from the short-read assembly (Supplementary 212 to the high diversity of local maize landraces in Central America, rather than the 221 commercial elite maize cultivars produced globally. Under such situation, it is therefore 222 conceivable that it would be difficult to identify classic signatures of selective sweep and 223 strong Mendelian genes, given that the most obvious target of selection is fruit size, likely 224 a polygenic trait. The situation may be further complicated by that some cultures value 225 and cultivate the wild accessions for their bitterness. Therefore, the process of selection 226 may be slower in bitter gourd, with frequent introgressions between wild and cultivar 227 groups, preventing the strong and rapid fixation of underlying genes. 228
Our analyses showed that the SA group first diverged from wild progenitors at 229 about 6000 years ago, followed by the splitting of the SEA group about 800 years ago. 230
Consistent with the aforementioned cultural preference, the SEA group is enriched for 231 alleles conferring lighter skin color, larger fruits, and smoother fruit surface compared to 232 the SA group. We also performed genomic tests of signatures of selection for the SEA 233 group only (data not shown), but no strong pattern was observed either. This is likely due 234 to the underlying genetic architecture of selected traits being polygenic. Interestingly, we 235 found one region with very low divergence between wild and cultivar groups likely was called based on the proportion of parental reads within the window: If the 268 maternal allele proportion is higher than 80%, we set it to maternal homozygous; 269 if the proportion is lower than 20%, we set it to paternal homozygous; if the 270 proportion is between 20% and 80%, we defined the genotype as heterozygous. 271
We used the same filter conditions in both crosses. SNPs with allele depth (AD) <3 and 272 maternal allele proportion >= 95% or <=5% across all samples were excluded. For 100-273 kb windows used for linkage map construction, if the depth of a sample in a window is 274 lower than 5, we called it missing, and a window was excluded if the proportion of 275 missing individuals is higher than 60%. Table 3 ). The estimation method of 338 the phenotypes had been reported in a previous study (Dhillon et al. 2016) . 339
The genomic DNA was extracted from leaves using DNeasy Plant Mini Kit 340 (Qiagen) with 100 mg of leaf tissue, and DNA quality and concentration were estimated 341 with gel electrophoresis and Qubit. NEBNext Ultra II DNA Library Prep Kit was used to 342 construct the illumina library. Library size was selected to be around 500 bp. The 343 libraries were sequenced with 150 bp paired-end using Illumina HiSeq X-ten. 344
Reads were trimmed base on sequence quality by SolexaQA (Cox et al. 2010 SA, and SEA were separately estimated with the "estimate" option, and their pairwise 373 divergence times were estimated by "split" option. After summarizing the 374 mutation rates frequently used for eudicots, the mutation rate per generation was 375 set as 2×10 -8 . 376
The wild group we used in selection models was the Taiwan wild group 377 since it was genetically closer to the cultivars. The fixation index (FST) between 378 wild and cultivar populations was calculated in 50-kb windows with 10-kb step 379 size by vcftools. Reduction of diversity (ROD) was calculated in 50-kb window 380 with 10-kb step size between the wild and cultivar populations. The formula was: 381 
